Uniaxial magnetocrystalline anisotropy in CaRiiC^ 
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CaRu03 is a paramagnetic metal and since its low temperature resistivity is described by 
p — po + AT J with 7 ~ 1.5, it is also considered a non- Fermi liquid (NFL) metal. We have performed 
extensive magnetoresistance and Hall effect measurements of untwinned epitaxial films of CaRu03. 
These measurements reveal that CaRuC>3 exhibits uniaxial magnetocrystalline anisotropy. In ad- 
dition, the low-temperature NFL behavior is most effectively suppressed when a magnetic field is 
applied along the easy axis, suggesting that critical spin fluctuations, possibly due to proximity of 
a quantum critical phase transition, are related to the NFL behavior. 

PACS numbers: 72.15.Gd; 71.27. +a; 73.61.-r; 73.50.-h 



I. INTRODUCTION 

CaRuC>3 is a paramagnetic metal that attracts con- 
siderable attention due to its intriguing properties; in 
particular, its low temperature resistivity described by 
P — Po + AT"* with 7 ~ 1.5 [l|] and its non-Drude optical 
conductivity [2|- These properties suggest that CaRuC>3 
is a non- Fermi liquid (NFL) metal and since proximity to 
a magnetic quantum critical point could be the source of 
this behavior, it is important to elucidate the magnetic 
properties of CaRuC>3. 

Here we present measurements of untwinned CaRu03 
films and clearly demonstrate for the first time that 
CaRuC>3 exhibits anisotropic paramagnetic susceptibility 
that could be described in terms of an anisotropic sus- 
ceptibility tensor with the easy axis of magnetization at 
45 degrees out of the film plane. This kind of anisotropy 
is also exhibited by a related compound, the itinerant 
ferromagnet SrRuC>3, in its paramagnetic phase 0. 

Direct magnetic measurements of magnetic properties 
of paramagnetic films suffer from signal weakness com- 
bined with large background signal of the substrates. 
Therefore, we use indirect magnetic measurements where 
the magnetic properties are inferred from measurements 
of magnetoresistance (MR) and extraordinary Hall effect 
(EHE). 

Following the identification of the magnetic properties 
of CaRuC>3 films, we found that suppression of the low- 
temperature non-Fermi liquid behavior by external mag- 
netic field is most efficient when the field is applied along 
the easy axis of magnetization; suggesting that spin fluc- 
tuations are related to the NFL behavior. 

Our samples are patterned thin films grown either on 
SrTiC>3 or on NaGaC>3. The measurements presented 
here are of a 100 run - thick film of CaRuOs grown on 
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FIG. 1: Rescaled resistivity of four patterns as a function of 
temperature. In two patterns the current is along [100] while 
in the other two the current is along (010). Inset: A sketch 
of the patterned film. The crystallographic directions 1 (easy 
axis), and 2 (hard axis) are at 45° out of the plane of the film. 



slightly miscut (~ 0.3°) NaGaOs substrate with resistiv- 
ity ratio of ~ 6.5. Resistivity measurements of four differ- 
ent patterns on the same film reveal correlation between 
resistivity curves and current direction (Figure^. This 
indicates that in the films grown on miscut substrates the 
intrinsic anisotropy is not averaged by twinning. Similar 
methods, enabled growing of untwinned SrRuOs films. 
For convenience, we note in the following the miscut di- 
rection as the (010) direction of the substarte. 



II. MEASUREMENTS 

The magnetic anisotropy of CaRuOs is manifested in 
MR measurement shown in Figures [21 and [21 The MR is 
measured as a function of 9 (See Figure ^) which is the 
angle between the applied field and the normal to the film 
with the axis of rotation (100) (Figure^ or (010) (Figure 
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FIG. 2: MR data at 2 K, 5 K and 30 K for H=3 T as a 
function of the angle 6 between H and the normal to the 
sample in the (100) plane, (a) Pattern with current path along 
the (010) direction, (b) Pattern with current path along the 
(100) direction. 



|3J). We note that at low temperatures the MR is positive 
while at high temperatures the MR is negative. Although 
the temperature at which the MR changes its sign and 
the values of the MR depend on the current direction and 
the magnetic field direction, the patterns with current 
paths along different directions exhibit nonetheless the 
same qualitative angular dependence: with rotation axis 
along (100) the graph extrema are at 9 = j + ^£ while 
with rotation axis along (010) the graph extrema are at 
9 — ^j- . This indicates that the dominant source of MR 
is related to the orientation of the applied field relative 
to the epitaxial film irrespective of current direction. 

The observed MR cannot be attributed to Lorentz MR. 
At high temperatures the MR is negative while Lorenz 
MR is positive. At low temperatures, the MR is positive; 
however, it is strongly temperature dependent, which is 
not expected for Lorenz MR where the resistivity hardly 
changes. For example between 5 K to 2 K the resistivity 
changes by less than 5% while the MR changes by more 
than 100%. Moreover, the estimated mean free path even 
in the zero temperature limit (~ 30A) 4] is much smaller 
than the cyclotron radius (~ 1/im). 

Since Lorenz MR is excluded, we look for MR effects 
related to the magnetization. Although anisotropic MR 
is important in this material, it cannot be the dominant 
effect, since the qualitative angular dependence of the 
MR is insensitive to the current direction relative to the 
field. Therefore, a likely source is MR which is sensitive 
to the magnitude of the magnetization. 

At temperatures above ~ 10 K the MR is negative 
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FIG. 3: MR data for current path along the (100) direction at 
2 K and 5 K for H=3 T as a function of the angle 9 between 
H and the normal to the sample in the (010) plane. 



and it can be attributed to suppression of spin fluctua- 
tions. Hence, the angular dependence of the MR reflects 
anisotropic susceptibility of CaRuC>3 with the easy axis 
at (011) and the two other principal axes at (Oil) and 
(100). This explains the observation that for rotation 
around (100) the graph extrema are at 9 — ? + ^ while 
rotation around (010) yields graph extrema at 

At low temperatures the MR is positive (yet not re- 
lated to Lorenz MR) and the angle of maximum negative 
MR at T > 10 K turns into the angle of maximum pos- 
itive MR at T < 10 K. Since the source of the positive 
MR is unclear at this stage we need other measurements 
to determine if the maximum of positive MR also coin- 
cides with maximum magnetization. Namely, to deter- 
mine whether the easy axis at T > 10 K is also the easy 
axis at T < 10 K. We thus turn to measurements of ex- 
traordinary Hall effect. 

The Hall field in magnetic conductors, ferromagnetic 
and paramagnetic, has two contributions: 



E H = -RqJ x B - i?s^ J x M 



(1) 



where B is the magnetic field, and Rq and Rs are the 
ordinary and the extraordinary Hall coefficient, respec- 
tively. The angular dependence of the ordinary Hall ef- 
fect (OHE) is simple and follows the perpendicular com- 
ponent of B. On the other hand, the EHE depends on 
the perpendicular component of M whose magnitude de- 
pends (in the presence of uniaxial anisotropy) on the an- 
gle between the field and the easy axis. Figures BJi and 
0Jd present the total Hall effect (HE) as a function of 9 
for (100) plane and (010) plane, respectively, for several 
temperatures. The ordinary Hall Effect is proportional 
to cos 9 while the measured HE has cos((9 + ip) depen- 
dence (Figure^,); hence, OHE alone cannot explain the 
observed angular dependence. Similarly, EHE cannot 
account for the results without the magnetocrystalline 
anisotropy. 

Quantitatively, the magnetic anisotropy is expressed 
by an anisotropic susceptibility tensor, x with the mag- 
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FIG. 4: HE data as a function of the angle 9 between H and 
the normal to the sample in the (100) plane at H = 4 T with 
curves that are fit of cos(# + (p) (a) and in the (010) plane at 
H = 8 T with curves that are fit of cos 9 (b) . 

netization vector given by 

MoM = xH (2) 

where x is the susceptibility tensor with eigenvalues 
XijX2)X3) corresponding to a field applied along the 
three principal axes. Because (100) is in the plane of 
the film, our HE measurements are not sensitive to X3- 
However, MR measurements indicate that xi ~ X3- 

With this notation the dependence of the total HE 
on the angle of the applied field 9 in the (100) plane (9 
measured from the normal to the plane of the film) is 
expected to be: 

p xy = cos 9H[R Q + Rs(xi sm2 a + Xi c °s 2 a)]+ 
sin 9HRs [xi — X2] sin a cos a = 

= ^H(R 1 + R 2 )cos9 + -H(Ri - R 2 ) sin 9 
and in the (010) plane is: 

p xy = cos 9H[R + Rs(xi sin 2 a + Xi cos 2 a)] = 

1 (4) 
= -H(R 1 +R 2 )cos9 

where R% = Rq + RsXli R 2 = Rq + RsXi and a = 45° 
(See Figure The curves in Figures^, and^Jj are fits 
to Equations [3] and respectively. As we can see, the 
fits are satisfactory: At all temperatures the HE in the 
(100) plane behaves as cos(9 + ip) while in the (010) plane 
as cos 9. 
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FIG. 5: Ro+RsXi an d Ro + RsX? as a function of temperature 



As seen in Figure |5j R\ and R 2 are equal at ~ 14 K 
and ~ 200 K. There are two possible causes for the iden- 
tical values: either the EHE vanishes, (R$ = 0), or the 
anisotropy vanishes, (xi = Xi)- The angular-dependent 
MR at ~ 14 K indicates that xi 7^ Xi\ hence Rs changes 
its sign at ~ 14 K. The MR at - 200 K is too small 
to measure; therefore, we cannot refute either possibility. 
Nevertheless, the fact that magnetic anisotropy is ob- 
served at higher temperatures suggests vanishing of Rs 
at 200 K. 

If the two crossing points of Rq + RsXi an d Ro + RsXi 
are both due to sign change of Rs, it means that in the 
entire temperature interval that we measure xi > Xi- 
This means that in CaRuC>3 the easy axis is the (011) 
direction which is in our film at angle a ~ 45° relative 
to the plane of the film, as illustrated in Figure The 
two other axes are along (011) and (100) directions. This 
means that the maximum positive MR is correlated with 
maximum of magnetization. We discuss below possible 
source of such behavior. 

The temperatures at which Rs vanishes enable conve- 
nient measurements of Rq. Using the most naive one- 
band calculations Rq = (nqc) -1 , where q is the carrier 
charge and n is the carrier density, the estimated carrier 
density is n « 1.2 x 10 23 cto~ 3 of electrons at ~ 14°K, 
and n m 3.8 x 10 22 cm" 3 of holes at - 200°K . Since the 
Hall coefficient shows both signs, both electronlike and 
holelike bands contribute to the conductivity. 

Since proximity to a magnetic quantum critical point 
could be the source of the NFL behavior in CaRuC>3, 
we explore the field dependance of 7. Figure shows 
7 as a function of field when the field is applied along 
various directions. The largest increase of 7 is obtained 
for magnetic fields applied along the easy axis, while the 
smallest increase is obtained for magnetic fields applied 
along the hard axes. These results indicate that increas- 
ing the magnetization is a route of turning CaRuC>3 into 
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FIG. 6: 7 as a function of the magnetic field, H, applied along 
three different orientations. 
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FIG. 7: MR data as a function of temperature at H = 4T. 



a Fermi liquid metal. 

Figure [7| presents the MR with the field applied along 
the three principal axes as a function of temperature. As 
shown in Figure [2 at low temperatures the maximum of 
the positive MR is when the field is applied along the easy 
axis, 9 Ri 45°, and at high temperatures the maximum of 
the negative MR is also obtained when the field is applied 
along the easy axis. These results imply that the negative 



MR, as well as the positive MR, are related to M and 
not to H. It is important to note that the temperature 
at which the MR changes its sign depends on the field 
and current directions. 

III. DISCUSSION 

As mentioned above, the MR is positive at low tem- 
peratures and negative at high temperatures, and both, 
the negative and the positive MR are related to the mag- 
netization and not to the magnetic field. In addition, at 
all temperature range xi > Xi- Therefore, the cause for 
the sign change has to be due to two mechanisms both 
relating the magnetization to the MR effect. 

The negative MR is commonly found in magnetic met- 
als, the applied field suppresses the spin fluctuations, 
thus yielding negative MR. CaRuC>3 is a paramagnetic 
metal. Therefore, one may expect spin contribution to 
resistivity and hence negative MR. 

On the other hand, magnetization related positive MR 
is less understood. We propose that a possible source for 
this behavior is the correlation between magnetization 
and band structure. Electronic structure calculations of 
CaRuOs using the linear muffin-tin orbital method show 
a sharp peak in the density of states (DOS) near Fermi 
level [j]. Therefore, a possible source for the positive MR 
could be the large variations of the DOS at the Fermi 
energy. The conductance in metals is proportional to the 
density of states at the Fermi level, therefore applying 
a magnetic field on CaRuOs which at low temperature 
is on the edge of spontaneous splitting of the spin up 
and spin down bands can change the conductance of the 
metal. If the maximum of the DOS is at the fermi energy 
at zero magnetic field then applying magnetic field may 
reduce the DOS and hence cause positive MR. 

The field-induced change in the DOS could be another 
factor (in addition to suppressing of critical spin fluctua- 
tions expected near quantum phase transition) in the par- 
tial recovery of Fermi liquid (FL) behavior in CaRuOs. 
In some NFL metals, like CeCus.gAuo.i @, CeCuSi2 and 
CeNi2Ge2 0] the FL behavior is recovered at large mag- 
netic fields. Here at H = 8 T although the FL behavior 
is not recovered, 7 is getting closer to the FL value of 2. 
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